The compound Cr 1.4 Fe 0.6 O 3 has been synthesized through mechanical alloying of Cr 2 O 3 and -Fe 2 O 3 powders and subsequent thermal annealing. The XRD spectrum, SEM picture and microanalysis of EDAX spectrum have been used to understand the structural evolution during alloy formation. The alloyed samples have been matched to rhombohedral structure with R3C space group. The observation of a modulated magnetic order confirmed the systematic diffusion of Fe atoms into the Cr sites of lattice structure. A field induced magnetic behaviour has been noted in the field dependence of magnetization data of the annealed samples. This feature is significantly different from that of the mechanical alloyed samples. The experimental results also provided the indications of considering the present material as a potential candidate for opto-electronic applications.
Introduction
In recent years extensive research efforts have been given to the formation of new magnetic oxides, considering their potential applications in the field of micro-electronics and multifunctional devices [1, 2] . In order to search for the new class of materials, it has been found that solid solution of mixed metal oxides might be a potential candidate, having advantage of easy alloying due to ionic radius of same order [3, 4] . Fe 2-x Cr x O 3 is one such compound series, which can be formed through the alloying of -Fe 2 O 3 and Cr 2 O 3 oxides [5, 6] . The interesting points are that both -Fe 2 O 3 and Cr 2 O 3 stabilized into rhombohedral crystal structure with space group R3C [4, 7] and both are antiferromagnetic insulator [8] . Cr 2 O 3 oxide is a well known compound for the prediction and experimental observation of large magneto-electric (ME) effect [9, 10] . The ME effect is generally small in symmetric non-magnetic insulators [11] . The low magnetic moment and low antiferromagnetic ordering temperature (T N ) of single phase Cr 2 O 3 (~310 K) is also not suitable for obtaining large magneto-electric effect, as well as for applications [12, 13] . Recently, the exhibition of large magnet-electric effect in Cr 2 O 3 was attributed [14] to a possible change of magnetic space group symmetry. This triggered the alloying of Fe 2-x Cr x O 3 series by mixing a suitable amount of Fe 2 O 3 (T N ~ 950 K) [4, 8] in Cr 2 O 3 oxide. The study of this series also remained attractive due to its promising applications in the field of opto-electronic materials. The immediate effect is that Fe 2-x Cr x O 3 series has shown the enhancement in photo-conductivity with the increase of Cr content [2, 15] . In order to understand the modified photo-conductivity, as well as magneto-electric effect, one needs to realize the correlation between crystal structure and magnetic ordering in the compound. The correlation between its crystal structure and magnetism would also be relevant to gain the properties of Cr-Fe interface [2] .
In literature, the antiferromagnetic ordering of spins in both -Fe 2 O 3 and Cr 2 O 3 has been explained in terms of super exchange interactions (Cr-O-Cr, Fe-O-Fe) [4, 8] . Neutron diffraction study explained the drastic variation of T N (~310 K for Cr 2 O 3 and ~950 K for Fe 2 O 3 ) due to a different kind of magnetic structure, although -Fe 2 O 3 and Cr 2 O 3 have shown identical crystal structure. Earlier reports [4, 7, 8] [4] one could estimate an equal probability of Fe-O-Fe, Fe-O-Cr, Cr-O-Cr superexchange interactions near to x = 1 and no significant change in the ordering of spins. This resulted in a slow variation of T N with Cr content in the region 0.90 < x  1.52 [4] . However, the nature of spin ordering may not follow the conventional structure due to the change of magnetic space group symmetry. The modulated (perturbed) local magnetic order could be expected during the diffusion of Fe atoms into Cr sites. To our knowledge, the magnetic ordering of Fe 2-x Cr x O 3 compound is not clear till date. Attempts were made to understand the structural and magnetic properties of Fe 2-x Cr x O 3 compound by reducing the particle size in nanometer range using various chemical routes [16, 17] . However, enough attention was not given in the reported works to realize the effect of modulated spin structure on the properties of Fe 2-x Cr x O 3 compound.
In this work, Cr 1.4 Fe 0.6 O 3 compound has been synthesized using the novel technique of Mechanical alloying [18] . Attempts have been made to investigate the associated structural and magnetic evolution in different states of mechanical alloying and annealing of the samples. The nature of magnetic order, i.e., antiferromagnet or ferromagnet or the mixed properties of ferromagnet and antiferromagnet, was understood for Cr 1.4 Fe 0.6 O 3 compound.
Experimental

Sample preparation
The stoichiometric amounts of high purity - 
Sample characterization and measurements
The crystalline phase of alloyed and annealed samples was characterized by recording the X-ray Diffraction spectra in the 2 range 10-90° with step size 0.01°. The Cu-K radiation from the Xray Diffractometer (model: X pert Panalytical) were employed to record the room temperature spectrum of each sample. The scanning electron microscopic (SEM) picture of the samples was taken using HITACHI S-3400N model. Elemental composition of the samples was obtained from the energy dispersive analysis of x-ray (EDX) spectrum. The magnetic properties of the samples were studied by the measurement of magnetization as a function of temperature and magnetic field using vibrating sample magnetometer (Model: Lakeshore 7400). The temperature (300 K-900 K) dependence of magnetization was measured by attaching a high temperature oven to the vibrating sample magnetometer. The temperature dependence of magnetization was carried out at 1 kOe magnetic field by increasing the temperature from 300 K to 900 K (ZFC mode) and reversing back the temperature to 300 K in the presence of same applied field 1 kOe (FC mode). It should be noted that the ZFC mode followed here is slightly different from the conventional zero field cooling (ZFC) measurement, where the sample is first cooled without applying magnetic field from the temperature greater than T C to the temperature lower than T C and magnetization measurement in the presence of magnetic field starts with the increase of temperature. The field dependence of magnetization at 300 K was measured within ± 15 kOe. Fig. 1 merging to each other. The intensity of peaks is decreasing as the milling time increases up to 84 hours. At the same time broadness and symmetry in the shape of the peaks are increasing. Subsequent annealing of MA84 sample at 700°C, again, increases the peak intensity, along with increasing sharpness, with the increase of annealing time up to 17 hours. The undergoing phase evolution during the mechanical alloying and annealing process is clearly demonstrated in Fig.  2 for (104) and (110) , where 2 C is the position of peak center,  is the wavelength of X-ray radiation (1.54056 Å),  is the full width at the half maximum of peak height (in degrees). The 2 C and  values were calculated by fitting the XRD peak profile to Lorentzian shape. The average grain size of the alloyed compound is found to be in nanometer range, which 
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1 hour, 3 hours and 17 hours, respectively). However, a finite amount of instrumental broadening and lattice strain may affect the XRD peak broadening in mechanical alloyed samples and hence, the grain size estimation based on the Debye-Scherrer formula may be far from good accuracy. To check these two factors, Williamson-Hall plot [19] was used. The Williamson-Hall equation is  eff cos C = K/<d> + 2 sin C , where K is Scherrer constant (0.89),  is the lattice strain and  eff 2 =  2 - 0 2 . In this case, the 2 C and  values were calculated by fitting the XRD peak profile to Voigt shape and  0 is the full width at half maximum of standard Silicon powder. Finally, seven prominent XRD peaks were used for the  eff cos C vs. 2sin C plot. The linear extrapolation of this plot to  eff cos C axis gives K/<d> (and hence, grain size <d>) and the slope gives the lattice strain (). The calculated values of grain size and lattice strain are shown in Table 1 . It is observed that the grain size calculated using Willimson-Hall plot is larger than that obtained from simple Debye-Scherrer formula, although the nature of the variation of grain size with milling time and annealing time is identical in both the cases. It is also observed that lattice strain of the alloyed compound increases with milling time and thermal annealing at 700°C reduces the lattice strain of the alloy. Similar effects were observed in other mechanical alloyed compound [20] . The lattice parameter of the samples (shown in Table 1 The surface morphology (SEM picture) and chemical composition (EDX spectrum) can be studied for selected (MA0, MA48, MA84 and SN17) samples. The selected zone (~80 m × 80 m) of the samples, along with SEM picture and EDX spectrum, are shown in Fig. 3 . The SEM picture of MA0 sample (Fig. 3a) suggests the heterogeneous mixed character of -Fe 2 O 3 and Cr 2 O 3 particles. The mechanical alloying between -Fe 2 O 3 and Cr 2 O 3 particles can be understood from the SEM picture of MA84 sample (Fig. 3b) , where nanoparticles are distributed with a little bit agglomeration. A better uniformity in the particle size distribution is observed from the SEM picture (Fig. 3c ) of thermal activated (SN17) sample. The elemental composition of the samples is determined from the point and shoots microanalysis at 10 selected points over a selected zone. The elements are found to be Cr, Fe and O. The atomic percentage of the elements is estimated from the EDX spectrum of the samples and Fig. 3d and O atoms in the alloyed samples are cross checked from elemental mapping over a selected zone, as shown in Fig. 4 for MA48 sample. The mapping (Fig. 4c-e) suggests a uniform distribution of Cr, Fe, O atoms over the zone. The particle size (~500 nm) of MA48 sample estimated from the SEM picture (Fig. 4b) is much larger than that obtained from XRD data (~46 nm using 
Williamson-Hall method). This means the SEM picture indicates the size of polycrystalline particles. Achieving some basic knowledge of the structural properties (i.e., size, shape, composition, and crystal structure) of the samples, attempt has made below to understand the magnetic properties of the samples. (Fig. 6b) , shows a clear loop, but the magnitude of loop of MA0 sample is less in comparison with Fe 2 O 3 . This is due to the effect of Cr 2 O 3 coexisting with Fe 2 O 3 . As the alloying process continued by increasing the milling time, the loop area gradually decreases, but noticeable, as shown for MA48 sample in the inset of Fig. 6c . It is interesting to note that the nature of M(H) curves of annealed samples (Fig. 6e-f ) drastically differ in comparison with the mechanical alloyed samples. The extrapolation of high field M (positive H side) data (shown by dotted line in Fig. 6f ) intersects the M axis to negative value and the negative magnetization confirmed the field induced magnetic behaviour in the annealed samples. We would like to mention that neither bulk ticles [27] , originating from the competitive spin ordering at the core-shell interface [28] . Viewing the absence of such field induced magnetic ordering in mechanical alloyed (with out heat treatment) samples, although grain size is in nanometer range, we believe that the field induced mag netic behaviour in our annealed samples is not solely due to particle size effect, but can be attributed to a modulated magnetic ordering due to diffusion of two different magnetic elements [29] . The induced magnetic behaviour in annealed samples is also reflected in the field dependence of differential magnetization (dM/dH) curves (Fig. 7) . The differential susceptibility (dM/ dH) increases to exhibit a maximum for mechanical alloyed samples when the applied field approaches to zero value, whereas dM/dH exhibits a minimum near to the zero field value for the annealed samples. The observation of induced magnetism confirms an experimental evidence of modulated spin structure in this compound, which was suggested from Neutron diffrac tion study [8] . To get the insight of modulated magnetic ordering, we analyze the M(H) data in terms of a general power series of H, i.e., the combination of liner and non-linear components in the equation
Magnetic properties
In the above equation, we have assumed that magnetic susceptibility is not a scalar quantity, rather a tensor with directional property in the material. The coefficients  1 and  3 are assumed to be symmetric with field (H), where as  2 is antisymmetry to preserve the vector nature of magnetization (M). The validity of equation (1) loop. This feature suggests that properties of magnetic particles, irrespective of bulk (present work) or nanosize (reported work [30] ), are strongly influenced by the surrounding matrix. The H C of MA0 sample is continued to decrease with milling time (e.g., H C ~ 120 Oe for MA24). On the other hand, H C has shown a significant increase by annealing MA84 sample at 700°C up to 3 hours, followed by a slight decrease at 17 hours annealed sample (SN17). The M R of MA0 sample also decreases to attain an almost constant value ~3.4 memu/g for MA24 and MA48 samples, followed by a slow increase (~4.4 memu/g) for MA84 sample and continued for (~5.3 memu/g) SN1 sample. The M R value, again, starts to decrease at higher annealing time, e.g. ~3.9 memu/g for SN17 sample. The decrease of both remanent magnetization and coercivity at higher annealing time indicates that the alloyed compound is approaching to the magnetic state dominated by non-hysteretic Cr 2 O 3 sample or a different kind of magnetic ordering that is already indicated earlier. The fact is that mechanical alloying has introduced a certain amount of lattice strain (and defects) in the material. However, we did not find the increase of coercivity with increasing milling time (and associated increasing strain), rather the coercivity decreases. Hence, the effect of strain and associated defects is minor on the magnetic properties of the present alloyed compound and such effect can be included in the combined contribution of grain boundary spins. 
Conclusion
The magnetic properties of mechanical alloyed Cr 1.4 Fe 0.6 O 3 compound strongly depends on the structural change associated with the variation of milling time and annealing temperature. The variation of cell parameters is attributed to the effect of diffusion of Fe 3+ ions into the boundary of Cr 3+ ions. The structural analysis, using XRD and SEM with EDX spectrum, may suggest the completion of alloy formation during milling process, but the magnetic behaviour confirmed that the alloying process is, still, continued at 700°C to approach the structure dominated by order appeared in the annealed samples, which we attribute to the appearance of a modulated spin structure in the compound. This experimental work may instigate subsequent investigations on the non-linear magneto-opto-electronic properties of similar materials.
